Pre-harvest sprouting (PHS) is an unfavorable trait in cereal crops that could seriously decrease grain yield and quality. Although some PHS-associated quantitative trait loci or genes in cereals have been reported, the molecular mechanism underlying PHS remains largely elusive. Here, we characterized a rice mutant, phs8, which exhibits PHS phenotype accompanied by sugary endosperm. Map-based cloning revealed that PHS8 encodes a starch debranching enzyme named isoamylase1. Mutation in PHS8 resulted in the phytoglycogen breakdown and sugar accumulation in the endosperm. Intriguingly, with increase of sugar contents, decreased expression of OsABI3 and OsABI5 as well as reduced sensitivity to abscisic acid (ABA) were found in the phs8 mutant. Using rice suspension cell system, we confirmed that exogenous sugar is sufficient to suppress the expression of both OsABI3 and OsABI5. Furthermore, overexpression of OsABI3 or OsABI5 could partially rescue the PHS phenotype of phs8. Therefore, our study presents important evidence supporting that endosperm sugar not only acts as an essential energy source for seed germination but also determines seed dormancy and germination by affecting ABA signaling.
INTRODUCTION
Grains of cereal crops, such as maize, wheat, barley and rice, are susceptible to germination under high temperature and humid weather conditions, which is called pre-harvest sprouting (PHS) or vivipary. PHS not only causes yield loss but also affects the grain quality. In Southeast Asia, PHS frequently occurs in rice due to the long spells of rainy weather in early summer and autumn. In South China alone, severe PHS occurs in more than 6% of rice acreage for conventional rice, and could be up to 20% for hybrid rice (Doebley et al., 2006; Finkelstein et al., 2008) .
Seed dormancy is defined as a state in which seeds are prevented from germinating even under environmental conditions normally favorable for germination, and it is influenced by both genetic and environmental factors Shu et al., 2016) . The phytohormone abscisic acid (ABA) content is directly correlated with dormancy-togermination transition (Kermode, 2005; Finkelstein et al., 2008) , and is thus considered to be the dominant factor in regulating seed dormancy and germination (Linkies et al., 2009; Liu et al., 2013b; Han et al., 2014) . 9-cisepoxycarotenoid dioxygenase and zeaxanthin epoxidase (ZEP) are two crucial enzymes for ABA synthesis, while ABA-8 0 -hydroxylase is the major enzyme responsible for ABA inactivation. Increased expression of ABA biosynthesis genes has been shown to enhance seed dormancy, whereas increased ABA catabolism releases seed dormancy (Millar et al., 2006; Okamoto et al., 2006; . In the presence of ABA, the ABA receptors PYR/RCARs bind to ABA, leading to the recruitment of PROTEIN PHOSPHA-TASE 2C (PP2C) to form a PYR/RCAR-PP2C complex, which inactivates PP2C and activates SNF1-RELATED PROTEIN KINASE2 (SnRK2; Park et al., 2009; Cutler et al., 2010; Soon et al., 2012) . The activated SnRK2s phosphorylate downstream transcription factors and promote ABA responses. Among these transcription factors, ABA-INSENSITIVE 3 (ABI3) and ABI5 are crucial positive regulators in the control of seed germination (Hoecker et al., 1995; Merlot et al., 2001; Lopez-Molina et al., 2002; McCourt et al., 2002; Shu et al., 2013; Wu et al., 2015) . In rice, OsABI3, the ortholog of VP1 (Viviparous 1) in maize, encodes a B3 domain-containing transcription factor necessary for the response of seeds to ABA (Hattori et al., 1994; Hobo et al., 1999) . OsABI5, the homolog of ABI5 in Arabidopsis, shows a similar function as AtABI5 in the ABA signal pathway (Nijhawan et al., 2008; Zou et al., 2008) . MOTHER OF FT AND TFL (MFT), encoding a phosphatidylethanolamine-binding protein, was also reported to regulate seed dormancy via ABA signaling. Interestingly, MFT1 regulates seed germination in Arabidopsis through a negative feedback loop modulating ABA signaling, whereas in wheat, increased TaMFT2 expression decreased germination rate of seeds (Xi et al., 2010; Nakamura et al., 2011; Liu et al., 2013a) . OsMFT2, the rice homolog of TaMFT2, also shows induction in response to ABA (Lenka et al., 2009; Ma et al., 2014) .
Previous research regarding Arabidopsis seeds germination has revealed the contrasting interactions between different concentrations of sugars and ABA (Gibson, 2000; Rook et al., 2006; Zhu et al., 2009) . Low concentration of sugar exhibits positive effects on germination in the presence of ABA, suggesting the metabolic effect of sugars in relieving ABA block (Garciarrubio et al., 1997; Finkelstein and Lynch, 2000) . In contrast, high concentration of exogenous sugar inhibits the seed germination through ABA signaling (Cheng et al., 2002; Rolland et al., 2006) . Both Arabidopsis ABA-deficient mutants, such as aba1-1, aba2-1 and aba3-2, and ABA signaling mutants, such as abi4 and abi5, showed the reduced dormancy and glucose insensitivity, whereas glucose directly activates ABI5 but not ABI4 (Finkelstein et al., 1998; Rolland et al., 2002) . The seeds of Arabidopsis glucose-insensitive2 (gin2) mutants with little or no catalytic activity in Hexokinase1 (HXK1) are insensitive to ABA during germination, indicating that HXK1, as a glucose sensor, integrates glucose and ABA signal to govern seed germination (Harrington and Bush, 2003; Moore et al., 2003) . Although there is a lot of evidence indicating that ABA and sugar participate in the regulation of seed dormancy and germination, the interaction mechanism between sugar signaling and ABA signaling in regulating PHS is still largely unknown.
We here identified a rice preharvest sprouting 8 (phs8) mutant with impaired starch synthesis. Map-based cloning revealed that PHS8 encodes an isoamylase, the crucial starch synthesis enzyme in the regulation of amylopectin construction (James et al., 1995; Nakamura, 1996; Nakamura et al., 1997; Kubo et al., 2005; Utsumi et al., 2011) . Combined with transcriptional, metabolic, and physiological and genetic analyses, we demonstrated that metabolic disturbance of sugars in endosperm affects ABA responsiveness of phs8 seeds, ultimately leading to PHS in rice.
RESULTS

Characterization of phs8
We have previously identified a series of rice phs mutants by a large-scale screening of our T-DNA population (Ma et al., 2009) , and most of them are defective in major enzymes of ABA biosynthetic pathway Fang and Chu, 2008) . In this study, phs8 was selected for further research because of its unique sugary endosperm.
The grains of phs8 often showed visible coleoptiles about 27 days after pollination (DAP) in paddy field (Figure S1a and b) . Generally, entire seed development was divided into five stages: S1, 0-2 DAP, early globular embryo stage; S2, 3-4 DAP, middle and late globular embryo stage; S3, 5-10 DAP, embryo morphogenesis stage; S4, 11-20 DAP, embryo maturation stage; S5, 21-29 DAP, dormancy and desiccation tolerance stage (Itoh et al., 2005) . To uncover the physiological characteristics of enhanced susceptibility of PHS in phs8, we examined the germination rate of phs8 and wild-type grains (Zhonghua11, japonica) at different developmental stages. Germination rates of grains harvested at different time-points varied. Neither phs8 grains nor wild-type grains germinated at stage S4, whereas harvested grains of phs8 displayed faster germination rates than those of the wild-type at stage S5 (Figures 1a and S1c), suggesting that seed maturation is required for germination of both phs8 and wild-type. Because seed maturation completed by 20 DAP, subsequent analyses were focused on the late phase of stage S4 (15-20 DAP) and the early phase of stage S5 (21-25 DAP).
Besides PHS phenotype, harvested grains of phs8 showed sugary endosperms, dry grains of phs8 showed wrinkled and thin kernels (Figures 1b and S1b) , and the dry weight of seeds was decreased by 37% compared with that of wild-type (Figure 1c ). Iodine staining assay with a longitudinal section of maturing rice kernels showed that the wild-type endosperm contained dark-blue starch granules, whereas only the outer layer of phs8 endosperm exhibited a dark-blue color, implying a significant reduction of starch in the phs8 endosperm. Further, Periodic Acid-Schiff (PAS) staining assay revealed that starch granules in endosperm cells of the phs8 mutant were replaced by polysaccharides (Figure 1d and e). Scanning electron microscopy observation of the mature grains confirmed that no starch granules existed in phs8 endosperms (Figure 1f ).
PHS8 encodes a starch debranching enzyme isoamylase1
Genetic analysis indicated that the phs8 phenotype is caused by a single recessive mutation. The PHS8 locus was then mapped on chromosome 8 and further narrowed down to a 97-kb region between markers S4-1858 and S4-2008 using F 2 progenies from a cross between phs8 and an indica cultivar Minghui63 (MH63; Figure 2a ). After sequence comparison of all candidate genes in this region between the mutant and wild-type, we found 1-bp point mutation occurred in the 11th exon of LOC_Os08 g40930, resulting in a premature termination of the predicted ORF.
Another allelic mutant phs8-2 was identified with a 9-bp deletion in the 2nd exon of LOC_Os08 g40930 with the same phenotypes. Both PHS and sugary phenotypes in phs8-1 mutant could be rescued by the introduction of wild-type OsPHS8 CDS, confirming that LOC_Os08 g40930 is responsible for the phs8 phenotypes ( Figure S2 ).
PHS8 encodes a starch-debranching enzyme, isoamylase 1 (ISA1), which plays an indispensable role in amylopectin biosynthesis by trimming the glucan cluster (Ball et al., 1996; Rahman et al., 2003; Zeeman et al., 2010) . The spatio-temporal profile of PHS8 shows that the transcripts could be detected in many organs, and were found to be more abundant in the ovary and endosperm of seeds (Figure S3) . Mutations of ISA1 typically led to reduced starch content, increased polysaccharide accumulation and abnormal granule morphology (James et al., 1995; Nakamura, 1996; Nakamura et al., 1997; Kubo et al., 1999; Burton et al., 2002) , which are consistent with the phenotypes observed in phs8 mutants (Figure 1 ). PHS8 has two functional domains, an N-terminal domain CBM-48 serving carbohydrate-binding activity and an alpha-amylase domain as catalytic domain (Figure 2b ). To evaluate ISA1 activity in phs8 mutants, the native-polyacrylamide gel electrophoresis (PAGE)/activity staining analysis was performed with developing grains of wild-type and phs8 plants as previously described (Kubo et al., 1999; Utsumi and Nakamura, 2006; Utsumi et al., 2011) . The activity bands, referred to as ISA1 homo-oligomer and ISA1-ISA2 hetero-oligomer, revealed a significant loss of ISA1 activity in both phs8-1 and phs8-2 mutants ( Figure 2c ).
Extensive changes of sugars in phs8 endosperms
To evaluate the impact of the PHS8 mutation on seed endosperms, we analyzed metabolic profiling of endosperms from developing grains harvested at stages S4 (18 DAP) and S5 (22 DAP), respectively, by gas chromatography-mass spectrometry (GC-MS) approach. The contents of monosaccharides (glucose, fructose) and oligosaccharides (sucrose, maltose, raffinose) were more abundant in phs8 kernels at both stages ( Figure 3a ; Table S1 ), reflecting the accumulation of free sugars in phs8 endosperms.
Change of substances in phs8 endosperm accelerated embryo germination
To investigate whether the endosperms or embryos confer phs8 enhanced susceptibility to PHS, we designed a set of the media to study the germination of isolated embryos from the mature phs8 and wild-type seeds. The freshlyground endosperm powder from the grains of phs8 or wild-type, and 0.6% glucose or 1.4% sucrose (which corresponds to those in wild-type grains), and 1.5% glucose or 2.2% sucrose (which corresponds to those in phs8 grains) Figure 3 . Pre-harvest sprouting (PHS) susceptibility of the phs8 mutant was determined by the endosperm factors. (a) Relative sugars content in endosperms of phs8 and wild-type (WT). Sugars were extracted from 10 mg dry weight endosperm powders and each with four biological replicates. Metabolite contents have been analyzed by gas chromatography-mass spectrometry (GC-MS) and were given as ratios between phs8 and WT, log2-transformed, values = levels in phs8 versus WT endosperms, and statistically different values are shown in bold (P < 0.05). The positive values are colored in green, while the negative ones are colored in orange. DAP, days after pollination. (b) The germination assay of isolated embryos. Isolated embryos of the phs8 and WT were cushioned on Murashige and Skoog (MS) medium supplemented with ground powders of phs8 endosperms or that of WT endosperms, respectively. ES, endosperms powders.
were used for isolated embryo germination test. There were no apparent differences in germination rate between the wild-type and phs8 embryos cushioned by the same type medium (Figures 3b and S4) . Interestingly, all isolated embryos cushioned by ground powders of phs8 endosperms germinated faster than those cushioned by the ground powders of wild-type endosperms (Figure 3b) , implying that the PHS phenotype of phs8 results from its endosperm but not the embryo. Although exogenous sugar in medium promotes embryo germination (Figure S4) , different concentrations of a single type of sugar could not totally mimic the role of endosperm powder, indicating that the complex sugar components in endosperm of phs8 may generate stack effect to embryo germination.
Substance change in endosperms of phs8 leads to alteration of ABA signaling
Numerous studies have suggested a close correlation between sugar content and ABA action during seed germination (Arenas-Huertero et al., 2000; Zhu et al., 2009) . To this end, we first examined the ABA content of phs8 and wild-type grains. The data showed that ABA content in phs8 grains was similar to that in wild-type grains at stage S4 but dramatically reduced at stage S5 (Figure 4a) , demonstrating that the alteration of ABA level was consistent with the PHS phenotype of phs8 mutants. Furthermore, examination of the ABA metabolism genes in phs8 mutant revealed that only the ABA synthesis gene ZEP showed a significant reduction in the mutants (Figure 4b) .
The germination assay with developing grains showed that phs8 has a higher germination rate than wild-type under ABA (5 and 10 lM) treatments, indicating that the phs8 developing grains have reduced ABA sensitivity (Figure 4c) ; in addition, phs8 seedlings were also less sensitive to ABA ( Figure S5 ). Interestingly, when isolated embryos were used, phs8 and wild-type showed similar germination patterns under ABA treatment (Figure 4d) , suggesting that the ABA insensitivity of phs8 mutants in germination was mainly triggered by endosperms but not embryos, which is similar to its PHS phenotype caused by higher sugar level. Based on these results, we deduced that the enhanced susceptibility to PHS in phs8 mutants might be due to the altered ABA signal caused by changes in metabolites of the endosperms.
To further evaluate the impact of increased sugar level on ABA signaling in vivo, we investigated the expression of ABA signaling genes, including OsABI3, OsABI5 and OsMFT2. In phs8 mutants, the transcripts of OsABI3 and OsABI5 were decreased at stage S4 (Figure 4e) , and OsMFT2 was decreased at stage S5. The immunoblotting analysis confirmed that the abundances of OsABI3, OsABI5 and OsMFT2 were also decreased in phs8 seeds compared with wild-type seeds at stage S5 (Figure 4f) .
To assess the possible relationship between sugar content and ABA signaling pathway in seed germination, a rice suspension cell culture system was established to study the effects of glucose and sucrose on the expression of typical ABI factors (OsABI3 and OsABI5). Both glucose and sucrose suppressed the expression of ABIs in wildtype cells (Figure 4g ). These data suggested that sugar is sufficient to suppress the ABA signaling pathway in suspension culture.
Then, we transformed OsABI3, OsABI5 and OsMFT2, respectively, into phs8-1 mutants (Figure 5a ), both OsABI3-OX and OsMFT2-OX lines germinated slower than phs8-1, the seeds of OsABI5-OX lines even could not germinate (Figure 5b and c) , indicating that overexpression of these ABA-responsive genes could partially rescue the PHS phenotype of phs8 mutants. That is, enhanced ABA signaling could partially alleviate the PHS of phs8.
DISCUSSION
During past decades, substantial progress has been made in the understanding of molecular mechanisms underlying PHS in diverse cereals (Fang and Chu, 2008; Ogbonnaya et al., 2008; Munkvold et al., 2009; Gao et al., 2010; Liu et al., 2013a) . Generally, lack of adequate dormancy is the major reason for PHS, and seed dormancy is determined by the physiological characteristics of maternal tissues, embryo and endosperm . Consequently, the phs mutants can be divided into three types: (1) impaired maternal tissues-; (2) abnormal embryo development-; or (3) aberrant endosperm development-caused phs mutants. To our knowledge, the vast majority of the identified phs mutants belong to the embryo development-associated mutants; for example, lec2, abi3 and fus3 in Arabidopsis (Giraudat et al., 1992; Stone et al., 2001; McCourt et al., 2002; Tsuchiya et al., 2004) , vp1 in maize (Hoecker et al., 1999) and phs1-phs4 in rice . By contrast, few maternal tissue-or endosperm-related phs mutants have been identified, although it is well known that maternal tissues or endosperms have obvious effects on seed dormancy in rice and other plants (Barton, 1965; Kelly et al., 1992; Miyoshi et al., 1996; Debeaujon et al., 2000; Wang et al., 2010; Howard et al., 2012) . In this study, combined analyses, especially the isolated embryo germination test in fresh ground endosperm powder, demonstrated that the PHS phenotype of phs8 is attributed to substance alteration in endosperm but not embryo. Therefore, the identification of phs8 mutant provides a useful material to perform genetic analysis of the endosperm imposed effect on embryo in regulating seed germination and dormancy.
Free sugar accumulation in endosperms leads to PHS
In general, increased free sugar contents in endosperms and PHS are two common phenomena found in studies of grain starch mutants (Howard et al., 2012) . PHS was also observed in OsCIN1 (cell-wall invertase gene 1) overexpression plants with interfered sugar metabolism (Wang et al., 2010) . However, the causal relationship between free sugar accumulation and PHS has not been well established. Our data presented in this study strongly support that sugar accumulation is the important cause of PHS in phs8. First, metabolic profilings pinpoint notable differences in sugar content of wild-type endosperms and phs8 endosperms (Figure 3a) . Second, germination of isolated embryos in fresh endosperm abrasive powder revealed phs8 endosperms significantly accelerated seed germination compared with wild-type endosperm abrasive powder (Figure 3b) . Third, different concentrations of exogenous sucrose or glucose promote embryo germination (Figure S4) . Finally, taking advantage of the suspension cell culture system, we provided evidence that sugar is sufficient to suppress the expression of ABIs, which also contributes to embryo germination (Figure 4c ).
Endosperm sugar affects embryo ABA sensitivity
For the endosperm-imposed PHS, information on how the sugars in endosperms affect ABA signaling in the embryos is limited. A previous study in barley revealed that the lack of cytosolic ADP-glucose pyrophosphorylase in the Risø16 grains led to a strong increase of free sugars, which was accompanied by transcriptional downregulation of ABA functions (Faix et al., 2012) . From analysis of several barley starch mutants, Howard et al. (2012) found that reduced synthesis of ABA is unlikely to be responsible for the reduced dormancy of the mutant grains, and they speculated that sugar concentrations in endosperms modulate the ABA responsiveness of the embryos (Howard et al., 2012) . In our studies, we selected an in vitro system (suspension cell culture system) and an in vivo system (the developing seed) for measuring the sugar effect on transcript levels of ABA-signaling genes that function during seed germination. Using suspension cell culture system, we revealed that the ABA signaling genes OsABI3 and OsABI5 might be the downstream targets of the sugars (Figure 4c) . Moreover, significantly decreased expression of OsABI3, OsABI5 and OsMFT2 was found in the phs8 mutants, and overexpression of OsABI3, OsABI5 and OsMFT2 could partially rescue PHS in phs8 mutant (Figures 4d and e, and 5), revealing that the reduction of ABI transcripts caused by a high level of free sugars contributed to enhanced early sprouting. Based on these, we established a simple model for phs8-mediated PHS in rice ( Figure 6 ). In wild-type developing seeds, the function of ISA1 is normal, free sugars in the endosperms move to starch biosynthesis pathway, and the embryo keeps in dormancy; in phs8/isa1 developing seeds, lesion in PHS8/ISA1 resulted in over-accumulation of free sugars, elevated sugars suppressed expression of ABI genes in the embryos, then PHS occurred.
Natural variations in PHS8 are involved in regulating PHS
Variation in PHS or seed dormancy has been reported in diverse rice cultivars (Liu et al., 2014; Lee et al., 2016) . Based on this, many dormancy-related quantitative trait loci (QTLs) have been cloned in the past decades (Fujino et al., 2008; Gu et al., 2010; Sugimoto et al., 2010; Ye et al., 2015) . Intriguingly, PHS8 is just located in one of these reported PHS or seed dormancy-related QTLs (Lin et al., 1998; Dong et al., 2003) , which indicates that natural variations of PHS8 may affect seed dormancy. As a matter of fact, using population genetic analysis based on rice HapMap3 dataset from 1529 rice varieties (Huang et al., 2012) , we found that PHS8 is also located in a selective sweep region of indica rice population. Using genomic data from USDA Mini-Core population (Wang et al., 2016) , we confirmed that the dramatic reduction of nucleotide diversity occurred in this region in indica ( Figure S6) . Furthermore, Tajima's D-value in this region is À1.98, which also indicates a recent selective sweep in indica population. A most recent genome-wide association mapping also revealed that PHS8/ISA1 is significantly associated with seed dormancy in japonica but not in indica (Magwa et al., 2016) . Therefore, it is more likely that PHS8/ISA1 is a target of artificial selection during indica domestication, and further (a) ABA content in 18 days after pollination (DAP) and 22 DAP phs8 and wild-type (WT) seeds. ABA was extracted from 200 mg fresh seed powders, which was a mixture sample of 40 developing grains from six individual plants. Two-way ANOVA was used for statistical analysis (n = 3, *P < 0.05, **P < 0.01). (b) Expression pattern of ABA biosynthesis and catabolism genes in developing seeds. Expression analyses were performed by quantitative real-time polymerase chain reaction (PCR). Values were normalized against the level of OsAct1 mRNA and shown as the means AE SEM (n = 3). Two-way ANOVA was used for statistical analysis (*P < 0.05 or **P < 0.01). (c) Developing phs8 grains showed higher germination rate than WT under different ABA (0, 5 and 10 lM) treatments in germination assays. (d) Isolated embryos from phs8 were less sensitive to ABA treatment. (e) The expression of ABA signaling genes in grains of phs8 and WT. Values were normalized against the level of OsAct1 mRNA and shown as the means AE SEM (n = 3). Two-way ANOVA was used for statistical analysis (*P < 0.05 or **P < 0.01). (f) Immunoblot detection of ABI3, ABI5 and MFT2 in 22 DAP WT and phs8 seeds. Coomassie Brilliant Blue staining was used as loading control. (g) The expressions of ABI3 and ABI5 were suppressed by exogenous glucose and sucrose in rice cell cultures. Values were normalized to the level of OsAct1 mRNA and shown as the means AE SEM (n = 3). Two-way ANOVA was used for statistical analysis (*P < 0.05 or **P < 0.01).
evaluation of natural variations in PHS8/ISA1 may be helpful in breeding PHS-resistant rice varieties.
EXPERIMENTAL PROCEDURES
Plant materials
All rice lines used in this study are in Oryza sativa cv. Zhonghua11 background. For the field experiment, rice plants were grown in the experimental station of the Institute of Genetics and Developmental Biology (IGDB) under natural growth conditions.
For sugar determination and gene expression analyses, panicles were tagged when the flowers in middle spikelets were blooming, and collected at a specified DAP, frozen in liquid nitrogen and stored at À80°C.
Fine mapping of PHS8
The mapping population was generated via a cross between phs8 (O. sativa ssp. japonica) and Minghui63 (O. sativa ssp. indica). A total of 320 recombinants were used, and the PHS8 locus was initially mapped on chromosome 8, then further narrowed down to a 97-kb fragment between markers S4-1858 and S4-2008, which contains 11 genes. The candidate gene was eventually confirmed by sequencing of all annotated genes in the region. Primers used for PHS8 sequencing are listed in Table S2 . Molecular markers utilized for fine mapping throughout the rice genome were obtained as described previously (Xu et al., 2015) .
Construction of vectors
To generate OsPHS8 complementation lines, the full-length of the OsPHS8 coding region was amplified from the cDNA of Zhonghua11 seeds and subcloned into the XbaI/PstI digested binary vector pCAMBIA2301-Actin1 (a modified vector introduced into rice ACTIN1 promoter based on pCAMBIA2301). To generate OsABI3 overexpression construct, the longer transcript of OsABI3 (AK073805, ordered from KOME) was cloned into XbaI-SalI site of pCAMBIA2300-Actin1. To generate OsABI5 overexpression construct, genomic DNA fragment of OsABI5 containing the entire ORF was amplified from the DNA of Zhonghua11 and cloned into the vector pCAMBIA2300-Actin1 at the XbaI-SalI sites. To generate OsMFT2 overexpression construct, the full-length OsMFT2 coding region was amplified from the cDNA of Zhonghua11 seeds and cloned into the XbaI/SalI-digested binary vector pCAMBIA2300-35S. Primer sequences used for vector constructions are listed in Table S3 . All vectors were transformed into rice plants (O. sativa cv. Zhonghua11) by Agrobacterium-mediated transformation as described (Lu et al., 2007) .
Germination assays
Panicles from wild-type and phs8 plants were tagged and harvested at a specified DAP. For each germination assay, at least three panicles were immersed into plastic boxes with distilled water or ABA solution (5 or 10 lM), and incubated at 30°C in a growth chamber under 14 h/10 h light/dark regime. Panicles were transferred to fresh water or solution every 2 days. Germinated grains in the middle of panicles were counted daily, and the germination rate was calculated.
For isolated embryo germination assay, isolated embryos were sown on Murashige and Skoog (MS) medium plates or MS medium with the addition of endosperm powders, glucose and sucrose, respectively. The endosperms of dehulled rice grains from wild-type endosperms or phs8 mutant at about 15 DAP were ground into the powders. Sucrose and glucose concentrations in medium correspond with the sugar concentrations of wild-type or mutant endosperms, respectively. Each plate contained 36 embryos, and each experiment with at least three biological replicates. The germination of embryos was checked at 6-h intervals within 48 h. 
Establishment of rice suspension cell culture
The establishment of rice cell culture was slightly modified from the protocol described previously (Yu et al., 1991) . Isolated embryos from dehulled rice grains at about 15 DAP were sown on NB medium after sterilization and incubated at 25°C for 4 weeks. Then about 500 mg fresh callus was cultured in 30 ml liquid MS medium in a 125-ml flask. The suspension culture was shaken on an incubator shaker at 120 rpm and 25°C under dark. Suspension cells were subcultured every 7 days by transferring the cells into 30 ml fresh liquid MS medium in a 125-ml flask. The cell cultures kept growing logarithmically. Well suspension cultures were used for experiments after about 3 months.
RNA extraction and real-time polymerase chain reaction (PCR) analyses
Total RNA was extracted from rice tissues using TRIzol reagent (Invitrogen, USA). The Plant RNA Extraction Kit (Bio Teke, China) was used for RNA extraction from rice developing seeds according to the manufacturer's instructions. First-strand cDNA was synthesized using ReverTra Ace qPCR RT with gDNA Remover Kit (Toyobo, Japan). Primers for real-time PCR are listed in Table S4 . Real-time PCR was performed on Bio-Rad CFX96 Real-time System using the SYBR qPCR Mix Kit (Toyobo, Japan) following the manufacturer's instructions. OsACTIN1 was used as an internal control. Each experiment was repeated at least three biological replicates.
Native-PAGE/activity staining of isoamylase
The extraction of the crude enzymes from rice endosperms was slightly modified from protocols described by Burton et al. (2002) and Utsumi et al. (2011) . Three-five dehulled grains with their embryos removed were ground in a motor and pestle immediately in 25 ll per grain of extraction buffer (50 mM imidazole-HCl pH 7.4, 8 mM MgCl 2 , 50 mM b-mercaptoethanol and 12.5% aq. vol/vol glycerol). The homogenate was then centrifuged at 10 000 g for 20 min at 4°C. The supernatant was used as the crude enzyme, and final purification was filtered using MiraCloth (Millipore, USA).
The native-PAGE was carried out on 7.5% (v/v) acrylamide slab gel (1 mm thick) containing 0.1% (w/v) potato amylopectin, as described previously (Kubo et al., 1999) . Native gel electrophoresis was performed at 15 mA and 4°C for at least 4 h. After that, gel was rinsed twice with 50 mM citric-Na 2 HPO 4 buffer (pH 6.0, 50 mM b-mercaptoethanol), and incubated in this buffer for 2 h at room temperature. After rinsing briefly in water, the isoamylase activity was visualized by staining the gel with iodine solution (1% I 2 /0.1% KI).
Western blotting
Protein extraction was performed as previously described (Wu et al., 2014) . Proteins were loaded and separated by sodium dodecyl sulfate-PAGE on 12% (w/v) polyacrylamide resolving gels following the protocol of Laemmli (1970) . Equivalent protein samples stained with Coomassie brilliant blue were used as loading control. Blots were transferred to PVDF Western blotting membranes (Roche, Germany). Rabbit polyclonal anti-ABI3, anti-ABI5 antiOsMFT2 were used as primary antibodies, respectively. The anti-ABI3 and anti-ABI5 polyclonal antibodies were ordered from Abiocode (California, USA), and anti-OsMFT2 polyclonal antibodies were ordered from BPI (Beijing Protein Innovation, Beijing, China).
Determination of ABA and metabolites
Abscisic acid was extracted from 15-20 DAP and 21-25 DAP ZH11 and phs8 seeds, and the ABA concentration was determined as previously described (Fu et al., 2012) .
Sugars in endosperms were extracted from 10 mg dry weight endosperm powders of phs8 and wild-type, respectively. Each sample had four biological replicates. Sugars were analyzed via Agilent 7890A-5975C GC-MS system (Agilent Technologies, USA), and the details followed the protocol as described previously (Yu et al., 2013) .
Population genetic analysis on the OsISA1 region
The Mini-Core genomic data were downloaded from NCBI (Bioproject PRJNA301661). The nucleotide diversity was measured with pairwise differences estimated using ANGSD (version 0.542; Korneliussen et al., 2014) . Tajima's D-value was calculated with '-doThetas' in ANGSD. All values were averaged over 50-kb nonoverlapping windows sliding over the rice genome.
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